Multidirectional interdigital transducers ͑IDTs͒ combined with delay path modifications for surface acoustic wave ͑SAW͒ sensors in a Langasite substrate are shown to positively and significantly impact power consumption, device sensitivity, and biofouling elimination capability. Simulated devices have mutually interacting orthogonal IDTs and microcavities of square cross sections of side / 2, and of different depths located in the middle of the delay path. A combined orthogonal IDT-polystyrene filled microcavities device ͑dimensions / 2 ϫ/ 2 ϫ/ 2͒, with constructive wave interference and enhanced SAW entrapment in the delay region, is shown to be most efficient and reduces insertion loss by 23.6 dB, generates two orders of magnitude larger streaming forces, and exhibits velocity sensitivity 100% larger than that of a simulated standard SAW sensor with unidirectional IDTs along the ͑0, 22, 90͒ direction.
Recent challenges for developing reliable and efficient biosensors include factors such as power consumption, sensitivity, and reproducibility. In biosensing, one of the most critical issues is biofouling arising from the binding of nonspecific proteins to the sensor surface, 1,2 which can drastically reduce the device sensitivity, selectivity, and reproducibility. 3 Conventional methods of improving surface acoustic wave ͑SAW͒ device sensitivity, which include the use of waveguide or lithographic manipulation to reduce acoustic wavelength, 4 are insufficient to address the critical issue of biofouling. One of the ways to eliminate biofouling involves the use of acoustic streaming induced forces 5 to overcome the adhesive forces between the sensor surface and nonspecifically bound ͑NSB͒ proteins. 2, 3 Multidirectional transducer configurations, 6 which allow for the generation of multiple acoustic modes, can be exploited to achieve simultaneous biofouling elimination and sensing. Sensitivity enhancement, due to coherent wave interaction in the common region being probed, can also be achieved. Such devices involve complex nonlinear interactions arising from mutually interacting waves, which cannot be accounted for by using simple analytical and numerical models. In this work, we have investigated a Langasite ͑LGS͒ based SAW device comprising of mutually interacting interdigital transducers ͑IDTs͒, utilizing coupled field finite element ͑FE͒ structural and fluid-structure interaction ͑FSI͒ analysis. Our main focus is the development of a biosensor, with combined delay path modifications and mutually interacting IDTs to achieve enhanced sensitivity, reduced power loss, and enhanced biofouling elimination capability in a single device.
Power consumption is an important issue in sensing applications. Methods to reduce the SAW device power loss include surface modifications to improve the entrapment of energy near the surface that would otherwise be lost to bulk waves. 7, 8 We recently reported that microcavities etched along the delay path of a 36-YX LiTaO 3 substrate can reduce insertion loss substantially ͑20 dB for the case simulated compared to a standard device with unidirectional IDTs and no delay path modifications͒. 9 In this letter, we introduce a SAW biosensor with combined multidirectional IDT and delay path modifications in a LGS based device ͓Fig. 1͑a͔͒. LGS offers significant advantages over other previously investigated substrates, such as ␣-quartz, 10 by providing much stronger electromechanical coupling coefficient, desirable mainly in SAW applications where a Rayleigh mode is excited, high dielectric permittivity, low level of bulk excitation waves leading to smaller insertion loss, and a high phase transition temperature of 1400°C, making it suitable for high temperature fabrication treatment. 11 Coupled field FE analyses are used to initially deduce the best case microcavity on LGS. Our simulations indicate that polystyrene ͑PS͒ filled microcavities with dimensions / 2 ϫ/ 2 ϫ/ 2 exhibit the highest energy transmission and smallest insertion loss ͑Fig. 1͑S͒, supplementary information 12 ͒, owing to a larger coherent reflection of the incident Love wave and subsequent reduced conversions into bulk shear modes, which radiate into the substrate ͓Fig. 1͑b͔͒. The computational details are provided in supplementary information. 12 Using simulations involving unidirectional IDTs, we have established that the ͑0, 22, 90͒ direction with pure shear horizontal mode is best suited for sensing and the ͑0, 22, 0͒ direction with mixed modes exhibiting a predominant surface normal component can be used for biofouling elimination via acoustic streaming. In this work, the best case PS-filled microcavities with dimensions / 2 ϫ/ 2 ϫ/ 2 were incorporated in the delay path of a SAW device with mutually interacting IDTs along the ͑0, 22, 0͒ and ͑0, 22, 90͒ Euler directions ͓Fig. 1͑a͔͒, to realize improved sensor performance. Figure 2 reveals that the orthogonal SAW device including nonlinear interactions between the orthogonally propagating waves has smaller insertion loss compared to the unidirectional standard device. When two waves interact and superimpose, the resultant particle displacement is determined by the phase difference 13 ͑͒ between the waves. The calculated value of for the different displacement components ranges from 86.2°to 92.6°suggesting constructive interference between the propagating waves in the orthogonal SAW. Therefore, its insertion losses are smaller ͑by 15.6 dB͒ compared to a unidirectional standard device ͑Fig. 2͒. The incorporation of microcavities in the delay path leads to further enhancement in surface acoustic energy entrapment, thereby further reducing the insertion loss by 8.0 dB. Thus, the smallest insertion loss was observed for orthogonal IDTs with microcavities in the delay path making it the best possible simulated configuration.
Biofouling elimination depends on the magnitude of the induced acoustic streaming forces. The computed streaming forces 14, 15 for water loading ͑see supplementary information 12 ͒ for the various device designs are shown in Fig. 3͑a͒ . Constructive wave interference in the orthogonal device results in much larger displacement amplitudes compared to unidirectional standard SAW device. As a result, the computed streaming force in orthogonal device ͑F = 3.24 ϫ 10 5 N / m 2 ͒ is an order of magnitude larger than that in the standard SAW device ͑F = 5.44ϫ 10 4 N / m 2 ͒. Integration of the orthogonal SAW device with PS filled microcavities leads to significantly enhanced surface acoustic energy entrapment ͓Fig. 1͑b͔͒, which further contributes to an increase in the generated streaming force ͓F = 3.49ϫ 10 6 N / m 2 , i.e., two orders larger than in the unidirectional standard SAW device, Fig. 3͑a͔͒ , leading to much larger NSB protein removal efficiency. This is also evident from the fluid velocity profiles obtained using three-dimensional FSI simulations ͑Fig. 4͒, which shows that in a microcavity based orthogonal SAW device, the highest fluid velocity is observed in the proximity of the microcavity region, thereby allowing for high removal efficiency along the entire delay path. Note that in a standard unidirectional SAW device, the maximum fluid velocity occurs just near the input IDTs and decays rapidly away from them 2 suggesting a reduction in removal efficiency. The transverse direction tangential velocity has the largest magnitude for both the unidirectional standard device with IDTs along ͑0, 22, 0͒ and microcavity based orthogonal SAW device; however, the magnitude of the velocity in each of the three directions is almost two orders of magnitude higher for the microcavity based orthogonal device compared to the unidirectional standard device ͑Fig. 2͑S͒, supplementary information 12 ͒. It is worth mentioning that the force distributions on the specifically bound proteins are of dynamic character. Nevertheless, the specific protein-ligand interactions are several orders of magnitude stronger as compared to nonspecific protein-ligand interactions. it is possible to tune the acoustic streaming intensity to have minimal influence on the specific proteins while achieving complete NSB protein removal. Finally, device sensitivity was computed utilizing the mass sensitivity equation 16 ͑refer to supplementary information 12 ͒. Figure 3͑b͒ compares the calculated sensitivities for orthogonal and unidirectional standard SAW devices with and without best case PS filled microcavities. As wave displacements increase due to constructive interference in an orthogonal device, the surface mass sensitivity value also increases ͓Fig. 3͑b͔͒. In addition, the incorporation of microcavities in the delay path leads to an enhanced acoustic energy entrapment near the surface, leading to maximum displacements in the microcavity region ͓Fig. 1͑b͔͒. This combined effect of constructive wave interference due to mutually interacting acoustic waves and acoustic energy confinement in microcavities leads to maximized energy entrapment and displacements on the surface, thereby imparting the highest sensitivity of 24.15 Hz cm 2 / ng to orthogonal SAW devices with PS filled microcavities. This design reflects more than 100% increase in sensitivity over that of a unidirectional standard SAW device ͑11.56 Hz cm 2 / ng͒. In summary, we have evaluated the effects arising from mutually interacting transducers and delay path modifications in the form of microcavities in LGS based SAW sensors. We find that phase difference between the orthogonally propagating waves in LGS allows for constructive acoustic wave interference in mutually interacting, multidirectional IDTs based devices leading to decreased power loss. Furthermore, our results indicate that the enhanced acoustic energy entrapment through the incorporation of sensor surface modifications such as PS-filled microcavities in the orthogonal SAW device results in dramatically increased transmitted acoustic energy, further reducing the power consumption. Compared to a unidirectional standard LGS-based SAW device, a configuration with combined multidirectional IDTs and PS-filled microcavities in the delay path provides advantages of significantly increased sensor sensitivity and much higher streaming induced NSB protein removal efficiency to overcome biofouling. The improved SAW device design has tremendous significance and implications in biosensing and microfluidic applications.
Financial support from NSF under Grant Nos. CHE-0722887, ECCS-0801929, and IIP-07122360 is gratefully acknowledged. The authors thank Stefan Cular of DTRA for useful discussions. The authors also acknowledge the computational support from Academic computing at USF.
